Introduction {#S0001}
============

Liver cancer is estimated to be the sixth most frequently diagnosed cancer and the fourth cancer-related cause of death worldwide.[@CIT0001] The incidence of the disease is high in the developing countries and lower but constantly increasing in industrialized ones.[@CIT0002] The most common type of liver cancer is hepatocellular carcinoma (HCC). HCC is an aggressive malignant tumor with a multistep development, arising from low-grade dysplastic nodules, proceeding to high-grade dysplastic nodules and eventually to malignant tumors.[@CIT0003],[@CIT0004]

HCC treatment approaches as well as patient prognosis vary according to the disease stage. For early-stage HCC, resection, local ablation or liver transplantation is followed and the median survival is five years. For intermediate stages, transarterial chemoembolization is recommended, whereas for advanced stages systematic therapy with sorafenib is the only choice with a median survival of 2.5 years and 10 months, respectively.[@CIT0005],[@CIT0006] Moreover, due to the high risk of recurrence -- up to 70% of patients with early-stage HCC -- and the presence of unresectable tumors in a proportion of patients, there is a major need for new therapeutic strategies.[@CIT0007] Although HCC is by large chemo-resistant, systemic anticancer treatment in the early stages of the disease still constitutes a promising approach.[@CIT0008],[@CIT0009]

Hepatocarcinogenesis is underlined by multiple biological processes comprising both genetic modifications, such as mutations and copy number variations, as well as epigenetic alterations like methylation and histone modifications.[@CIT0004],[@CIT0010]-[@CIT0013] Histone acetylation, a widely studied histone modification, is controlled by the opposing activities of histone acetyltransferases (HATs) and histone deacetylases (HDACs). HATs add an acetyl group to a histone lysine, which causes chromatin decondensation and thus transcriptional activation. On the other hand, deacetylation of histones by HDACs leads to chromatin condensation and gene silencing. Moreover, HDACs remove the acetyl group of a variety of protein targets, such as transcription factors and cellular proteins implicated in cell growth, differentiation and apoptosis.[@CIT0014],[@CIT0015] HDAC inhibitors (HDACi) restrain the activity of HDAC, leading to re-expression of silenced genes and re-activation of proteins. Recently, HDACi attracted a great interest, as they have been shown to have anti-tumor effects in various types of cancers, including HCC.[@CIT0006],[@CIT0016],[@CIT0017] In HCC, HDACi exert their antitumor effect via activation of both classical and alternative cell death molecular cascades, thus expanding the overall survival. Moreover, combination of HDACi with targeted therapies was shown to eliminate cell proliferation by increasing autophagy and apoptosis.[@CIT0017]--[@CIT0019]

Romidepsin, an HDACi, is a cyclic peptide that inhibits mainly HDAC1 and HDAC2 enzyme activity.[@CIT0020] It is a systemic drug (also known as FR901228, FK228, or depsipeptide) approved by the Food and Drug Administration (FDA) for the treatment of patients with relapsed or refractory cutaneous T-cell lymphoma (CTCL) and peripheral T-cell lymphoma (PTCL).[@CIT0021] However, its possible effectiveness in the treatment of HCC remains unknown. To our knowledge, there are only two reports that demonstrate that Romidepsin inhibits cell cycle and induces apoptosis in HCC cell lines and mouse xenograft models.[@CIT0022],[@CIT0023]

The aim of the present study was to investigate the effect of Romidepsin in the widely used and well-characterized mouse model of diethylnitrosamine (DEN)-induced HCC. The evolution of this spontaneous, chemically-induced HCC parallels many aspects of human liver neoplasmatogenesis; it mimics both organism response and cancer progression, as well as tumor-related gene expression patterns and pathways.[@CIT0024],[@CIT0025] In this study, we demonstrate that Romidepsin suppressed HCC in mice in a manner that is consistent with relevant alterations in the expression of selected cancer-associated molecules.

Materials and Methods {#S0002}
=====================

Animals and Experimental Design {#S0002-S2001}
-------------------------------

C56BL/6 male mice weighing 25--27 gr were purchased from the Hellenic Pasteur Institute. Mice were kept in stainless cages at constant temperature (22 to 24°C) and allowed free access to food and water during the 24-h day/night cycle. All experimental procedures were performed according to the Guide for the Care and Use of Laboratory Animals.[@CIT0026] Ethical approval and licensing (License reference no 4956/09-08-2012) were provided by the competent National Veterinary Administration Authorities according to Greek legislative (Decree no. 2015/92, 160/91) and European Communities Council directive (no. 86/609/EEC).

A total of 23 male mice were used. Of these, 17 were treated with the carcinogen DEN, and 6 remained untreated. DEN (5 mg/kg of body weight) was given with a single i.p. injection at the age of 14 days for the induction of HCC. At the age of 10 months, 8 of the 17 mice were further i.p. injected with 0.03 mg of the HDAC1/2 inhibitor Romidepsin (Abcam, Cambridge, UK; 0.03 mg/per mouse) twice a week for three consecutive weeks. Romidepsin was dissolved in dimethyl sulfoxide (DMSO) to a final concentration of 10 mM and further diluted in 500 μL saline prior to i.p. administration. An equal amount of DMSO was diluted in saline and injected i.p. in the remaining 9 mice. Mice were killed with an overdose of ketamine and xylazine at twelve months of age.

Histopathology, Immunohistochemistry, and Morphometry {#S0002-S2002}
-----------------------------------------------------

Formalin-fixed livers were embedded in paraffin, cut at 5 μm, and stained with hematoxylin and eosin or immunohistochemistry (IHC). The extent of HCC lesions was scored in whole liver sections of mice on a 0 to 4 scale according to the following scheme. 0, no HCC; 1, HCC \<25%; 2, HCC=25--50%; 3, HCC=50--75%; HCC \>75% of the liver section area. Primary antibodies for IHC included rabbit antibodies against Ki-67, DKK1 (Abcam, Cambridge, UK), cleaved Caspase-3, NF-κB, c-Jun (Cell Signaling, Beverly, MA), β-catenin, Cyclin D1, PTEN, PPAR-γ, PI3K3 (ThermoFisher Scientific/Lab Vision, Fremont, CA). Heat-induced antigen retrieval was performed with citrate buffer, pH 6, for c-Jun, cleaved caspase-3, NF-κB, β-catenin, Cyclin D1, PPAR-γ and PI3K or with EDTA buffer, pH 8, for Ki-67 and DKK1. Rabbit primary antibody binding was detected with goat anti-rabbit polymer HRP (ZytoChem Plus, Berlin, Germany). Color was developed with Diaminobenzidine substrate-chromogen (Biogenex, Fremont, CA) and tissues were counterstained with hematoxylin.

For quantitative histomorphometry, IHC-positive cells were counted in hepatocellular cancer images of x40 representative high power fields and results were recorded as number of cells or pixels per image as previously described.[@CIT0027] The ImageJ image processing and analysis program (NIH, Bethesda, MD) was used for all histomorphometrical assessments.

Enzyme-Linked Immunosorbent Assay {#S0002-S2003}
---------------------------------

Hepatocyte growth factor receptor (c-Met/HGFR) and Bcl2-associated agonist of cell death (BAD) serum levels were determined using a quantitative sandwich enzyme immunoassay technique from Cusabio Biotech Co., Ltd. (Wuhan, China). Standards and serum samples were diluted 1:2 in Sample Diluent and assayed in duplicate in 96-well microplates precoated with antibodies specific for c-Met/HGFR or BAD, respectively. A 2h incubation at 37°C was followed by the addition of the appropriate antibody, a 1-h incubation at 37°C, washing, the addition of avidin conjugated horseradish peroxidase (HRP), a 1-h incubation at 37°C, washing and the addition of the appropriate substrate. Finally, the reactions were stopped and within 5 min the optical density at 450 nm was determined in a microplate reader. A standard curve was created and the concentration of the samples was calculated, taking into account the initial dilution of the samples. The inter-assay and intra-assay precision for both assays were \<10% and \<8%, respectively. The detection range for c-Met/HGFR was 0.078--5 ng/mL and for BAD 31.2--2000 pg/mL.

Western Blot {#S0002-S2004}
------------

Cells were washed twice with ice-cold phosphate-buffered solution (PBS). Cells lysis was achieved using SDS lysis buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 10% Glycerol and 3% β-mercaptoethanol), followed by heating at 95°C for 5 min. The samples were analyzed by SDS-PAGE and proteins were electrophoretically transferred to nitrocellulose membrane for Western blot analysis. For immunoblotting, the following primary antibodies were used: anti-CYLD mouse monoclonal (Santa Cruz Biotechnology Inc), anti-PPAR-γ mouse monoclonal (Invitrogen), anti-p38 rabbit polyclonal (Invitrogen) and anti-PTEN rabbit polyclonal (Invitrogen). Membrane-bound antibodies were detected by an enhanced chemiluminescence detection kit (Pierce) using a Typhoon FLA 7000 imaging system (GE Healthcare Life Sciences). Bands were quantified using ImageJ processing and analysis program (NIH, Bethesda, MD).

Quantitative Gene Expression Analysis {#S0002-S2005}
-------------------------------------

Real-time PCR based on the SYBR Green chemistry was used to quantitatively determine gene expression, as previously described.[@CIT0028] Primer sequences, their positions within the corresponding genes, and amplicon sizes of the 7 genes examined, as well as the corresponding housekeeping gene Gapdh, are presented in [Table 1](#T0001){ref-type="table"}.Table 1Primers Used for Gene Expression AnalysisPrimerSequence (5΄-3΄)PositionsAmplicon Size\
(bp)GenBank\
Accession No.HDAC1-FTGAAGCCTCACCGAATCCGCAT106--127108NM_008228HDAC1-RTGGTCATCTCCTCAGCATTGGC192--213HDAC2-FGTTTTGTCAGCTCTCCACGGGT535--556106NM_008229HDAC2-RCTTGGCATGATGTAGTCCTCCAG618--640CK2a-FGGTGAGGATAGCCAAGGTTCTG987--1008138NM_007788CK2a-RTCACTGTGGACAAAGCGTTCCC1103--1124Topo IIa-FCAAGCGAGAAGTGAAGGTTGCC2334--2355121NM_011623Topo IIa-RGCTACCCACAAAATTCTGCGCC2433--2454Nrf2-FCAGCATAGAGCAGGACATGGAG765--786107NM_010902Nrf2-RGAACAGCGGTAGTATCAGCCAG850--871PPAR-γ-FGTACTGTCGGTTTCAGAAGTGCC618--640102NM_011146PPAR-γ-RATCTCCGCCAACAGCTTCTCCT698--719PTEN-FTGAGTTCCCTCAGCCATTGCCT1591--1612138NM_008960PTEN-RGAGGTTTCCTCTGGTCCTGGTA1707--1728Gapdh-FCATCACTGCCACCCAGAAGACTG626--648153NM_001289726Gapdh-RATGCCAGTGAGCTTCCCGTTCAG756--778

Statistical Analyses {#S0002-S2006}
--------------------

Histomorphometry, relative gene expression, Western blot and serum protein measurements data were compared between groups using Mann Whitney U analysis. Statistical significance was set at P\<0.05. All analyses were performed with the GraphPad Prism version 5.0 for windows (GraphPad Software, San Diego, CA, USA). Data representation was done with bar graphs depicting the mean and standard error of the parameter assessed for each experimental group.

Results {#S0003}
=======

Inhibition of HDAC1/2 Reduces DEN-Induced Hepatocellular Cancer {#S0003-S2001}
---------------------------------------------------------------

In our previous research, we used a DEN mouse model of HCC, which at 10 months after carcinogen challenge, consistently presented with multiple hepatocellular adenomas.[@CIT0029],[@CIT0030] The same mouse model was used here to evaluate the effect of HDAC blockade on HCC evolution and growth. For that, we treated mice with the HDAC1/2 inhibitor Romidepsin at the critical point of 10 months after DEN challenge and examined their livers 2 months later.

At the end of the experiment (12 months), the livers of the control mice receiving no carcinogen were normal (n = 6). At the same time, the livers of all carcinogen-treated mice that remained further untreated (n = 9) showed the whole spectrum of DEN-induced carcinogenesis lesions, including hepatocellular adenomas, early hepatocellular carcinomas and large, highly infiltrative hepatocellular carcinomas that were obliterating extensive areas of normal liver. Most carcinomas appeared to arise in large hepatocellular adenomas that were sharply demarcated from surrounding liver tissue. These carcinomas consistently had a trabecular formation. The larger expansive carcinomas lacking clear demarcation, however, in addition to trabecular growth patterns contained areas of solid and acinar histological architectures, and multifocal necrosis and hemorrhage ([Figure 1](#F0001){ref-type="fig"}).Figure 1Anti-HDAC1/2 treatment counteracts HCC at 10 months after DEN administration. Large, expansive HCC in a DEN-treated mouse that received no further treatment. A small well-circumscribed hepatic cell tumor from a mouse that was further treated with Romidepsin is shown on the side for comparison. Arrows depict tumor tissue margins. Histopathological scores reflecting the extent of neoplastic invasion of liver tissue suggest that Romidepsin treatment suppressed liver tumors at statistically significant levels. Hematoxylin and Eosin. Scale bars: 500 μm. Numbers on the y-axis of bar graph correspond to the mean±SEM of histological score; \*\* p\<0.001.**Abbreviations:** DEN, diethylnitrosamine; HDAC, histone deacetylase.

Interestingly, in the experimental group of DEN-challenged mice that were treated with HDAC1/2 inhibitors (n = 8), 3 of the 8 mice had no detectable neoplastic lesions upon histological examination of the liver. The neoplastic lesions in the remaining mice of this group were qualitatively comparable with, but smaller than those of mice that did not receive therapy ([Figure 1](#F0001){ref-type="fig"}). To assess the effect of HDAC1/2 blockade more precisely, the extent of HCC lesions was scored semi-quantitatively in whole liver sections. The statistical analysis of histopathological scores suggested that HDAC1/2 inhibition counteracted the evolution and growth of DEN-induced HCC in the liver of mice at a statistically significant level ([Figure 1](#F0001){ref-type="fig"}).

By using ELISA, we assessed met proto-oncogene (c-Met) and BAD protein levels in mice serum. c-Met, a tyrosine protein kinase receptor, is found increased in liver cancer and correlates with poor prognosis in human patients.[@CIT0031] BAD is an important apoptosis and cell replication regulator of hepatocytes that has been shown to inhibit liver carcinogenesis.[@CIT0032] We found that both c-Met and BAD were significantly higher in the serum of mice treated with Romidepsin by comparison with the untreated controls ([[Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=250233.pdf)]{.ul}).

HDAC1/2 Inhibition Affects Apoptosis and Proliferation of HCC Cells {#S0003-S2002}
-------------------------------------------------------------------

HDAC1/2 inhibitors have been shown to induce apoptosis and cell cycle arrest.[@CIT0033] To examine whether the tumor-suppressing effect of Romidepsin observed in this study is associated with these cellular events, we used IHC to label apoptotic and proliferating cells in liver sections. With Caspase-3-specific IHC we first found that apoptotic cells in HCC lesions are particularly scarce, which matches our previous observations in DEN-induced early hepatocellular carcinogenesis.[@CIT0029],[@CIT0030] Notably, morphometric counts of Caspase-3-positive cancer cells suggested that HDAC1/2 inhibition upregulates apoptosis in HCC at statistically significant levels ([Figure 2](#F0002){ref-type="fig"}). Likewise, using the proliferation marker Ki-67, we found that HCC tumors of Romidepsin-treated mice contained significantly less Ki-67-positive cancer cells compared to their untreated counterparts ([Figure 2A](#F0002){ref-type="fig"}).Figure 2HDAC1/2 inhibition affects cell cycle and apoptosis in HCC. (**A**) Morphometric counts of immunohistochemically stained liver sections show that Romidepsin treatment increases apoptosis (Caspase-3) and decreases proliferation (Ki-67) in neoplastic hepatocytes. This effect co-existed with significant differences in the expression of cell cycle and apoptosis regulators such as *CK2a* (**B**) and *HDAC2* (**C**). IHC; Diaminobenzidine chromogen, Hematoxylin counterstain. Scale bars: 25 μm. Numbers on the y-axis of bar graphs correspond to the mean±SEM of the parameters assessed. \*p\<0.05, \*\* p\<0.001.**Abbreviations:** CK2a, casein kinase 2, alpha 1 polypeptide; DEN, diethylnitrosamine; HDAC2, histone deacetylase 2; Ki-67, antigen identified by monoclonal antibody Ki 67; R, Romidepsin.

HDAC1/2 Inhibition Alters the Expression of Selected Cell Cycle and Apoptosis Regulators {#S0003-S2003}
----------------------------------------------------------------------------------------

Cyclin D1 is a major regulator of cell cycle that binds to HDACs and has been shown to be downregulated in HCC after HDAC inhibition.[@CIT0034] For that, we next examined Cyclin D1 expression in mouse liver tumors with IHC. Cyclin D1 expression in HCC was multifocally diffuse with predominance in expanding fronts of tumors, multi-sized intratumoral nests of large atypical karyomegalic cancer cells and areas of solid growth pattern. The distribution of Cyclin D1-positive cells as well as their numbers appeared comparable in tumors from both experimental groups of mice. Morphometrical counts of Cyclin D1-expressing cells confirmed this observation ([[Figure S2A](https://www.dovepress.com/get_supplementary_file.php?f=250233.pdf)]{.ul}). By examining other selected pleiotropic major cell cycle and growth regulators, that also affect apoptosis, at the gene or protein expression levels, we found that suppression of HCC growth by Romidepsin correlated significantly with the upregulation of casein kinase 2, alpha 1 polypeptide (*CK2a*) ([Figure 2B](#F0002){ref-type="fig"}) and ([Figure 2C](#F0002){ref-type="fig"}), but not of *HDAC1* ([[Figure S2B](https://www.dovepress.com/get_supplementary_file.php?f=250233.pdf)]{.ul}) and topoisomerase (DNA) II alpha (*Topo IIa*) ([[Figure S2B](https://www.dovepress.com/get_supplementary_file.php?f=250233.pdf)]{.ul}).

HDAC1/2 Blockade Modifies the Expression of Critical Inflammation and Cellular Stress-Associated Molecules {#S0003-S2004}
----------------------------------------------------------------------------------------------------------

NF-κB p65, nuclear factor of kappa light chain enhancer of activated B cells, p65 (NF-κB p65) and jun proto-oncogene (c-Jun) are critical inflammation and cellular stress response pleiotropic molecules with major roles in cellular processes including proliferation and apoptosis, and in cancer.[@CIT0035] By IHC and morphometrical analysis, we found that tumor cells with nuclear c-Jun expression were relatively few in both experimental groups, but significantly, less in the livers of mice treated with Romidepsin compared to the untreated controls ([Figure 3A](#F0003){ref-type="fig"}). IHC for NF-κB p65 showed a consistently positive signal in intratumoral nonparenchymal liver and inflammatory cells. Neoplastic hepatocytes, however, had a multifocally diffuse positivity with cytoplasmic but not nuclear NF-κB p65 presence, which appeared less extensive in the tumors of treated mice. Indeed, using a morphometric approach based on counts of positively IHC-stained image pixels, we found that HCC of Romidepsin-treated mice had significantly lower levels of NF-κB p65 expression compared to HCC of untreated control mice ([Figure 3A](#F0003){ref-type="fig"}).Figure 3Effects of HDAC1/2 depletion on the expression of selected cell-stress-associated proteins. (**A**) HCC cells show significantly decreased cytoplasmic NF-κB and nuclear c-Jun expression after treatment with Romidepsin. (**B**) The treatment also caused an increase of the expression of the NF-κB suppressor protein CYLD, as assessed by Western Blot analysis. Shown are bands from liver tissue of two selected representative mice per group. IHC; Diaminobenzidine chromogen, Hematoxylin counterstain. Scale bars: 25 μm. Numbers on the y-axis of bar graphs correspond to the mean±SEM of the parameters assessed. \*\*p\<0.01, \*\*\*p\<0.001.**Abbreviations:** c-Jun, jun proto-oncogene; CYLD, CYLD lysine 63 deubiquitinase; DEN, diethylnitrosamine; NF-κB p65, nuclear factor of kappa light chain enhancer of activated B cells, p65; R, Romidepsin.

We next examined livers for the expression of the deubiquitinase CYLD, which counteracts NF-κB and JNK activation.[@CIT0036]--[@CIT0038] Western blot analysis indicated that Romidepsin significantly increased CYLD expression ([Figure 3B](#F0003){ref-type="fig"}), which is consistent with previous findings in HCC cell lines.[@CIT0039]

Another key transcription factor that activates anti-oxidative stress responses and cross-talks with the NF-κB pathway is nuclear factor, erythroid derived 2, like 2 (Nrf2).[@CIT0040] Quantitative gene expression analysis, however, showed that *Nrf2* levels were comparable between Romidepsin-treated and untreated mice with HCC ([[Figure S2B](https://www.dovepress.com/get_supplementary_file.php?f=250233.pdf)]{.ul}). Likewise, mitogen-activated protein kinase 14 (p38 MAPK), which crosstalks with both JNK/c-Jun and NF-κB pathways in hepatocarcinogenesis,[@CIT0041] was found to be in comparable levels in the two experimental groups examined ([[Figure S2B](https://www.dovepress.com/get_supplementary_file.php?f=250233.pdf)]{.ul}).

Peroxisome proliferator activated receptor gamma (PPAR-γ) has been reported to have important roles in cell metabolism, immune response, inflammation and cancer, including HCC.[@CIT0042]--[@CIT0044] For that, we next examined PPAR-γ levels in liver samples. By immunohistochemistry and morphometrical analysis, we found that liver tumors of mice treated with Romidepsin had significantly increased PPAR-γ-positive HCC cells, compared to the untreated HCC mice ([Figure 4](#F0004){ref-type="fig"}). Quantitative gene expression and Western blot analysis of liver samples were in line with this observation, showing significantly increased PPAR-γ expression, both at gene and protein levels, after HDAC1/2 blockade ([Figure 4](#F0004){ref-type="fig"}).Figure 4HDAC1/2 blockade affects PPAR-γ expression. The anti-tumor treatment significantly increased the number of HCC cells with positive nuclear PPAR-γexpression immunohistochemical signal. This result is line with PPAR-γgene and protein expression analysis as assessed by Real-time PCR and Western Blot analysis, respectively. Western Blot from two selected liver samples per experimental group, also used in [Figure 3](#F0003){ref-type="fig"}, is shown. IHC; Diaminobenzidine chromogen, Hematoxylin counterstain. Scale bars: 25 μm. Numbers on the y-axis of bar graphs correspond to the mean±SEM of the parameters assessed. \*p\<0.05, \*\* p\<0.001.**Abbreviations:** DEN, diethylnitrosamine; PPAR-γ, peroxisome-proliferator-activated receptor gamma; R, Romidepsin.

The Inhibition of HDAC1/2 Affects PI3K/Akt but Not Wnt/β-Catenin Signaling in HCC {#S0003-S2005}
---------------------------------------------------------------------------------

Romidepsin has been reported to inhibit not only HDAC1/2 but phosphoinositide-3-kinase regulatory subunit 1 (PI3K) as well. PI3K is a key activator protein of the PI3K/Akt pathway that promotes cancer.[@CIT0045] To examine whether Romidepsin treatment alters PI3K expression in livers with HCC we used PI3K-specific IHC. We found that in the non-tumoral liver tissue, PI3K is aptly expressed and has a centrilobular distribution (acinar zone 3 with often expansion into zone 2). PI3K presence was similar in the two treatment groups ([[Figure S3](https://www.dovepress.com/get_supplementary_file.php?f=250233.pdf)]{.ul}). However, in neoplastic hepatocytes, PI3K was frequently reduced or even absent. In the non-treated mice, several HCC tumors showed inconsistently a positive PI3K-positive signal of multifocal distribution and variable density. Interestingly, HCC tumors of Romidepsin-treated mice consistently showed absence of PI3K positivity ([Figure 5](#F0005){ref-type="fig"}).Figure 5Romidepsin treatment ablates PI3K and upregulates PTEN expression in HCC. HCC from non-treated mouse shows able cytoplasmic PI3K expression. By contrast, PI3K immunohistochemical signal in HCC from Romidepsin-treated mouse is practically non-detectable. The treatment up-regulated PTEN expression as determined by both Real-time PCR and Western blot analyses. Western Blot from two selected liver samples per experimental group, also used in [Figures 3](#F0003){ref-type="fig"} and [4](#F0004){ref-type="fig"}, is presented. IHC; Diaminobenzidine chromogen, Hematoxylin counterstain. Scale bars: 25 μm. Numbers on the y-axis of bar graphs correspond to the mean±SEM of the parameters assessed. \*p\<0.05, \*\* p\<0.001.**Abbreviations:** DEN, diethylnitrosamine; PI3K, phosphoinositide-3-kinase regulatory subunit 1; PTEN, phosphatase and tensin homolog; R, Romidepsin.

The tumor suppressor phosphatase and tensin homolog (PTEN) is an upstream negative regulator of PI3K/Akt pathway, which is often involved in HCC evolution.[@CIT0046] Having found that PI3K is practically abolished from neoplastic hepatocytes after Romidepsin treatment, we next examined PTEN. Gene expression analysis revealed that the HDAC1/2 blocker upregulated PTEN expression at statistically significant levels ([Figure 5](#F0005){ref-type="fig"}), an observation that was further confirmed by the results of the Western Blot analysis for PTEN protein ([Figure 5](#F0005){ref-type="fig"}).

For testing the effects of Romidepsin on the Wnt/β-Catenin signaling pathway, which is activated in liver cancer,[@CIT0047],[@CIT0048] we selectively examined catenin (cadherin associated protein), beta 1 (β-catenin) and the dickkopf WNT signaling pathway inhibitor 1 (DKK1). As we have previously described,[@CIT0030] with β-catenin-specific IHC, DEN-induced hepatocellular adenomas are clearly discernible from adjacent non-tumoral liver tissue due to a denser membrane staining. In the present study, this staining pattern was seen not only in adenomas, but in early small-sized HCC lesions as well. In larger, more progressed tumors, however, β-catenin staining of neoplastic hepatocytes was significantly reduced or even completely abolished. These less differentiated tumors multifocally had areas showing HCC cells with prominent membrane and cytoplasmic (but extremely scarce nuclear) stabilization of β-catenin. At the same time, other areas of the tumors had minimal or absent β-catenin positivity. Β-catenin was mostly expressed in areas of the trabecular or acinar types, whereas areas of the solid type rarely showed foci with β-catenin expression ([[Figure S3](https://www.dovepress.com/get_supplementary_file.php?f=250233.pdf)]{.ul}). The qualitative comparison of Romidepsin-treated and not-treated livers suggested that HDAC1/2 blockade did not affect the extent and distribution patterns of β-catenin expression in HCC.

Similarly, both experimental groups were comparable in terms of DKK1 IHC-staining patterns ([[Figure S3](https://www.dovepress.com/get_supplementary_file.php?f=250233.pdf)]{.ul}). Irrespectively of Romidepsin treatment, small-sized tumors showed a rather diffuse DKK1 positivity. On the other hand, in larger tumors, DKK1-negative areas predominated, with DKK1-positivity restricting mostly at the boundaries and invasive fronts of tumors ([[Figure S3](https://www.dovepress.com/get_supplementary_file.php?f=250233.pdf)]{.ul}).

Discussion {#S0004}
==========

HCC is a rapidly progressive malignancy with bad prognosis if diagnosed at late stages. Early diagnosis and treatment are, therefore, critical for an effective therapy. For the early stages, surgical approach remains the sole option, despite the high recurrence rate observed (70% within 5 years).[@CIT0005],[@CIT0006] Moreover, in HCC, neoadjuvant/adjuvant systemic chemotherapy combined with loco-regional operations is still controversial. Several agents, including sorafenib -- the only FDA approved drug for first-line treatment of advanced stage HCC -- have been evaluated for preventing and/or treating tumor recurrence, but they failed to demonstrate a clear positive effect.[@CIT0007],[@CIT0049]

Given the limited options for HCC treatment and based on the knowledge that hepatocarcinogenesis is significantly influenced by histone modifications, we decided to search for novel HCC therapeutics among histone deacetylation inhibitors. Romidepsin seemed to be a promising option, since it constitutes an already licensed and established anti-cancer drug for CTCL and PTCL that could be easily processed to clinical trials in HCC. Moreover, other than virus reactivation in hepatitis B patients, Romidepsin has not been associated with adverse effects in the liver.[@CIT0050] Although Romidepsin has been shown to suppress growth of HCC cells in culture and in tumor transplant mouse models,[@CIT0022],[@CIT0023] its effectiveness in animal models of spontaneous HCC has not been tested. In these models, the early stages of the disease, where treatment may be more effective, can be better probed. In the present study, we used the well-established DEN-induced HCC mouse model with high similarity to human HCC, in which carcinomas arise from premalignant hepatocellular lesions and adenomas.[@CIT0024],[@CIT0025] In this model, Romidepsin treatment led to a significant suppression of tumorigenesis. Interestingly, at 12 months of age, where DEN-challenged mice had lesions representing the whole spectrum of HCC evolution including large, advanced-stage HCC tumors, in the Romidepsin-treated group almost one-third of mice had no detectable tumors whereas in the remaining ones a significant reduction in tumor size was observed. Romidepsin directly inhibits the action of histone deacetylases HDAC1 and HDAC2.[@CIT0033] We observed that in DEN-treated animals, Romidepsin administration led to increased *HDAC2*, but not *HDAC1*, gene expression. It is thus possible that exogenous inhibition of HDAC2 enzyme triggers a counteracting mechanism of compensatory expression at the gene level.

HDACi were shown to play a crucial role in cancer progression through regulation of cell proliferation and apoptosis.[@CIT0033] Although apoptosis has been reported to be a rare event in early HCC lesions in mouse,[@CIT0029],[@CIT0030] in our study despite the low number of apoptotic cells, morphometric analysis revealed a significant increase of Caspase-3-positive (apoptotic) neoplastic cells in Romidepsin-treated HCC mice, as compared to their non-treated counterparts, which supports a role of Romidepsin in promoting apoptosis.[@CIT0023] This was further strengthened by the significant elevation of BAD, a major apoptosis regulator, detected in serum of Romidepsin-treated mice, as compared to the HCC untreated controls. BAD was shown to delay cell proliferation and suppress carcinogenesis in the liver.[@CIT0032] We also examined the expression of Ki-67, a well-known marker of cell proliferation and poor prognosis. It was identified that HDAC1/2 inhibition was accompanied by a reduction in cell proliferation indicated by lower numbers of Ki-67-positive (cycling) cells. This finding is in accordance with a recent study that demonstrated lower Ki-67 expression in the hepatocytes of HDAC1/2 knockout mice during liver regeneration.[@CIT0051]

HDACi were shown to have a role in cell cycle regulation in HCC.[@CIT0033] In our study, Romidepsin did not affect Cyclin D1 expression, although HDAC1 blockade has been previously shown to suppress Cyclin D1.[@CIT0034] We also investigated another important cell cycle regulator, the ubiquitously expressed multifunctional protein serine/threonine kinase CK2a. CK2a is overexpressed in HCC and it has been associated with bad prognosis in HCC.[@CIT0052] HDACi have been shown to promote CK2a transcriptional activation in HCC,[@CIT0053] which was also evident in the present study. Through this mechanism, HDACi suppress the tumorigenic effects of Topo IIa, since CK2a has been demonstrated to phosphorylate Topo IIa and lead to its subsequent degradation.[@CIT0053] Topo IIa is associated with more aggressive tumor phenotype, early recurrence and cancer-related death.[@CIT0054]--[@CIT0056] Our results revealed comparable levels of *Topo IIa* mRNA among Romidepsin treated and non-treated groups. In the former group, however, Topo IIa protein may undergo a higher degree of degradation through CK2a phosphorylation, due to the increased levels of CK2a identified.

The majority of HCC arise from chronic liver disease that often associates with chronic inflammation, which predisposes the liver to dysplasia and the subsequent malignant transformation. One of the major factors involved in this inflammation-fibrosis-cancer process is NF-κB.[@CIT0057] NF-κB has been reported to possess oncogenic effects when activated in immune cells and nonparenchymal liver tissue, and a bi-directional role in liver parenchyma.[@CIT0058] Moreover, there is a controversy as to whether HDACi activate or inhibit NF-κB transcription.[@CIT0059],[@CIT0060] Interestingly, in our DEN-induced mouse carcinogenesis, liver tumors of the Romidepsin-treated mice had a significantly lower expression of NF-κB p65. A key negative regulator of NF-κB is the deubiquitinase CYLD, which was shown to be upregulated in liver cancer cells after HDACi treatment.[@CIT0039] Our results support this observation, since Romidepsin-associated HCC-suppression correlated with a significant elevation of liver CYLD protein levels, as compared to the HCC untreated controls. Thus, Romidepsin NF-κB p65 downregulation may be mediated, at least in part, by CYLD overexpression. Other molecules that contribute to NF-κB pleiotropic action in inflammation, oxidative stress and apoptosis, such as c-Jun, Nrf2 and p38 MAPK, have all been associated with more aggressive hepatocellular carcinogenesis.[@CIT0035],[@CIT0041],[@CIT0061] Among them, only c-Jun protein levels were found to be lower in Romidepsin-treated HCC mice. This finding is in accordance with the effect of HDACi on c-Jun expression in other types of cancer.[@CIT0062]

The role of Romidepsin in regulating inflammatory response was further supported by the observation that PPAR-γ expression was significantly elevated in Romidepsin-treated HCC mice, as compared to the HCC untreated ones. PPAR-γ overexpression has been associated alongside with metabolism improvement, with inflammation inhibition, immune modulation and antimetastatic effects.[@CIT0043],[@CIT0044],[@CIT0063],[@CIT0064] Moreover, Thiazolidinedione (TZD), a synthetic ligand of PPAR-γ used in the treatment of type 2 diabetes, was shown to decrease the risk of HCC development in diabetes mellitus patients.[@CIT0065] For that, further studies are needed to investigate whether a Romidepsin/TZD combination therapy may further improve the tumor-suppressive outcome, especially in the early stages of HCC.

The Wnt/β-catenin and the PI3K/Akt are considered to be major HCC-related signaling pathways. Their activation is associated with more aggressive tumors, poor prognosis, and earlier recurrence in HCC.[@CIT0048],[@CIT0066],[@CIT0067] For that, we examined the expression of selected key molecules of these pathways. In Wnt/β-catenin pathway, after binding of the Wnt ligands to Frizzled receptors, β-catenin escapes degradation and translocates to the nucleus. This ligand-receptor binding leads to a larger complex with LRP5/6, the formation of which is inhibited by DKK1.[@CIT0048] In our experimental conditions, Romidepsin did not affect the expression levels of either β-catenin or DKK1 in mice with HCC. In PI3K/Akt pathway, the activation of the key molecule PI3K by tyrosine kinase receptors, G protein--coupled receptors, integrins, B and T cell receptors or cytokine receptors induces the intracellular signaling cascade. The major inhibitor of this pathway is PTEN, which directly inhibits PI3K activation.[@CIT0067] Romidepsin has been shown to inhibit PI3K in colorectal and prostate cancer cells.[@CIT0045] Here, the anti-oncogenic effect of Romidepsin in HCC correlated significantly with robust PI3K downregulation and PTEN tumor suppressor upregulation. These findings suggest that Romidepsin may at least in part exert its antitumor activity through inhibition of PI3K/Akt pathway.

Finally, the role of c-Met protein that regulates many cellular processes and signaling pathways was also investigated. In HCC, c-Met activation has been associated with tumor promotion, aggressiveness and poor prognosis.[@CIT0068],[@CIT0069] On the other hand, loss of c-Met has been shown to promote DEN-induced hepatocellular carcinogenesis through regulation of cell proliferation and oxidative stress.[@CIT0070],[@CIT0071] Our results support a tumor-suppressive role of c-Met, since a significant overexpression of c-Met was identified in serum of Romidepsin-treated HCC mice. c-Met seems to have distinct roles in different stages of HCC and this should be considered when designing novel treatments.[@CIT0068],[@CIT0070],[@CIT0071]

In conclusion, this is the first study demonstrating that the HDAC1/2 inhibitor Romidepsin suppresses early-stage HCC. A possible mechanism associated with the identified tumor-suppressing effect of Romidepsin in DEN-induced HCC, which involves deregulations of selected cancer-related molecules, is diagrammatically presented in [Figure 6](#F0006){ref-type="fig"}. As stated, the therapeutic options for this rapidly progressive malignancy are still limited with tumor recurrence rate remaining high. Thus, histone acetylation, which has a crucial role in liver cancer progression, seems to be a promising novel approach for the management of early-stage HCC. In order to proceed to clinical trials; however, further studies are necessary to clarify the mechanism through which the licensed for lymphoma treatment Romidepsin exerts its antitumor effects in early liver carcinoma.Figure 6A possible mechanism associated with the tumor-suppressing effect of Romidepsin in DEN-induced HCC mouse model. Romidepsin suppresses liver tumorigenesis, at least in part, by mediating the deregulated expression of extra- and intra-cellular molecules involved in cell proliferation, apoptosis, cell cycle regulation, and inflammation processes, as well as in cancer-related signaling pathways (dashed lines). Molecules whose expression levels are upregulated, downregulated or non-affected by Romidepsin treatment are depicted in red, blue, and grey color, respectively.**Abbreviations:** BAD, Bcl2-associated agonist of cell death; CK2a, casein kinase 2, alpha 1 polypeptide; c-Met, met proto-oncogene; CYLD, CYLD lysine 63 deubiquitinase; DKK1, dickkopf WNT signaling pathway inhibitor 1; Frizzled, frizzled class receptor 9; HAT, histone acetyltransferases; HDAC, histone deacetylase; Ki-67, antigen identified by monoclonal antibody Ki 67; LRP6, low-density lipoprotein receptor-related protein 6; NF-κB p65, nuclear factor of kappa light chain enhancer of activated B cells, p65; c-Jun, jun proto-oncogene; Nrf2, nuclear factor, erythroid derived 2, like 2; p38 MAPK, mitogen-activated protein kinase 14; PI3K, phosphoinositide-3-kinase regulatory subunit 1; PPAR-γ, peroxisome-proliferator-activated receptor gamma; PTEN, phosphatase and tensin homolog; β-catenin, catenin (cadherin associated protein) beta 1; Topo IIa, topoisomerase (DNA) II alpha; Wnt, wingless-type MMTV integration site family.
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